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One novel electrochemical immunosensor was constructed by immobilizing capture antibody of alpha-fetoprotein (AFP Ab1)
on a naﬁon/nanogold-particle modiﬁed glassy carbon electrode. With a sandwich immunoassay, one DNA-derived magnetic
nanoprobe, simpliﬁed as DNA/(ZMPs—HRP-AFP Ab2)n, was employed for the detection of AFP. The fabricated procedure of
the proposed biosensor was characterized by cyclic voltammetry and electrochemical impedance spectroscopy. The performance
and factors inﬂuencing the performance of the biosensor were also evaluated. Under optimal conditions, the developed biosensor
exhibited a well-deﬁned electrochemical behavior toward the reduction of AFP ranging from 0.01 to 200ng/mL with a detection
limit of 4pg/mL (S/N = 3). The biosensor was applied to the determination of AFP in serum with satisfactory results. It
is important to note that the sandwich nanochainmodiﬁed electro-immunosensor provided an alternative substrate for the
immobilization of other tumor markers.
1.Introduction
Alpha-fetoprotein (AFP) is a biomarker for cancer diagnosis.
High levels of AFP can indicate an increased risk of liver
cancer [1, 2]. Immunoassay is one of the most powerful ana-
lytical tools due to the speciﬁcity and sensitivity of antigen-
antibody interactions, therefore, it is used extensively for
clinical diagnoses [3]. However, the increasing demand for
early and ultrasensitive screening of cancer biomarkers is
pushing the enhancement of detection sensitivity by signal
ampliﬁcation or novel detection technologies [4, 5]. Com-
pared with conventional immunoassays such as enzyme-
linked immunosorbent assay (ELISA) and chemilumines-
cence immunoassay, electrochemical immunoassay has at-
tracted considerable interest in wide range for its intrinsic
advantages such as high sensitivity, low cost, and fast analysis
and maybe become a gold standard for clinical detection of
AFP. But they have poor detection limits, suﬀer from non-
speciﬁc binding, and are not amenable to high-throughput
analyses [6, 7]. Recently, the sandwich type of amperometric
immunosensor for AFP has attracted much attention for its
greatly enhanced sensitivity based on a signal ampliﬁcation
strategy. In order to construct the immunosensor, in recent
years, with the development of nanotechnology, a variety
of nanoparticles, such as gold nanoparticles (Au NPs) have
been applied as the labels which can dramatically enhance
the signal intensity of electrochemical immunosensor. In the
meantime, Naﬁon as a conductive polymer was usually em-
ployed as a sensor platform to capture a large amount of Au
NPs. The formed nanofunctionalized interface can provide
an eﬀective matrix for antibody immobilization with good
stability and bioactivity [8–11].
Enzyme ampliﬁcation is one of the commonly used
signal ampliﬁcation systems in sandwich immunoassay [12–
15]. Nanozirconium dioxide (nano-ZrO2), as a kind of Lewis
acid, can be directly used to ﬁx the antibody and enzyme
through combining the carboxylic acid [12, 13]o fp r o t e i n
molecules with the phosphoric acid groups [14]( s u c ha s
Lewis strong alkali) of DNA. Because the antibodies and
enzymeareimmobilizedonnano-ZrO2 withlargesuperﬁcial
area,thetotalamountremarkablyincreasedandcankeepthe
biological activity for a long time [15]. DNA can speciﬁcally2 Journal of Automated Methods and Management in Chemistry
combine with ZrO2 [10], but if DNA was directly used to
ﬁx ZrO2 to make probes, it will be very diﬃcult to separate
the probes from the free antibodies which coexist in the
suspension. In recent years, nanoferromagnetic probes made
of nanoferromagnetic oxide (such as Fe3O4)m a t e r i a lh a v e
been developed; they can controllably separate under the
outer magnetic reaction. This method is convenient, simple,
rapid, and thorough and has attracted more and more
attention of researchers [15]. Our group have synthesized
Fe3O4 (nuclear)/ZrO2 (shell) magnetic nanomaterial probes
(ZMPs) which are very suitable for the construction of
such magnetic probes [16, 17]. DNA, as DNA-linked long-
chain molecules, contains a lot of phosphate groups, which
can ﬁx several magnetic beads of HRP-enzyme-labeled AFP
antibody, and at the same condition, the current response
increased with the incremental concentration of enzyme.
Herein, a novel sandwich electrochemical by immun-
osensor nanomagnetic probes was fabricated. A self-as-
sembled naﬁon/Au NPs membrane was formed through
the strong interaction between the GCE and naﬁon surface.
Monoclonal mouse anti-human AFP was covalently immo-
bilizedontheelectrodetoserveasthecaptureantibody.After
speciﬁcally interacting with AFP in the sample solution,
the immunosensor was incubated with DNA-labeled ZMPs/
HRP-AFP Ab2 antibody to allow the formation of a sand-
wiched complex of capture antibody-AFP-DNA/(ZMPs/
HRP-AFP Ab2)n. Then, the HRP enzyme enriched at
the electrode surface can catalyze the o-phenylene-diamine
(OPD)oxidizedbyperoxidehydantoin(CP)whichproduced
an ampliﬁed reduction peak through an electron-transfer
reaction. The response current was directly related to the
concentration of the analyte human AFP. The preparation
and detection principle of the immunosensor electrode was
shown in Figure 1.
2. Experimental
2.1. Reagents and Chemicals. O-phenylenediamine (OPD)
and peroxide hydantoin (CP) were purchased from Shanghai
crystalpurereagentCo.,LTD.Fe3O4/ZrO2 magneticparticles
were made by us. AFP monoclonal antibody solution (AFP
Ab1) and AFP ELISA kits were obtained from Sigma com-
pany, the ELISA kits contain AFP standard solution and
HRP-labeled AFP monoclonal antibody (HRP-AFP Ab2).
Calf thymus DNA and bovine serum albumin (BSA) were
purchased from Aldrich, USA. All other reagents were of
analytical grade. Double-distilled water was used for all
experiments.
2.2. Apparatus. Cyclic voltammetry (CV) measurements
were performed using a CHI-660B electrochemical worksta-
tion (Shanghai CH Instruments Co., China). The CV exper-
iment was performed in a conventional three-compartment
electrochemical cell containing a platinum wire as an auxil-
iary electrode and Ag/AgCl (in saturated KCl) as a reference
electrode. A bare or modiﬁed glassy carbon electrode (GCE,
D = 2mm) was used as a working electrode. Transmission
electron microscopy (TEM) images were obtained using
OPD
(Red)
e−
OPD
(Ox)
CP H2O
HRP
Naﬁon/nanogold
Anti-AFP
DNA/(ZMPs-HRP-AFP Ab2)n
probes
Figure 1: Preparation and detection principle of the GCE/naﬁon
Au NPs/AFP Ab1 immunosensor electrode.
H-7650 type (Hitachi corp., Japan). In addition, the appara-
tus used in this paper includes S2 RANGER X-ray ﬂuores-
cence spectrometer (Bruker, Germany), ST-360 microplate
reader (Shanghai science biotechnology), NdFeB magnet
(Hangzhou Magnet Equipment Ltd., China), and ultrapure
water meter (Millipore company, USA).
2.3. The Synthesis and Characterization of ZMPs and DNA/
(ZMPs/HRP-AFP Ab)n Probes. Firstly, nano-Fe3O4 particles
were synthesized by the method of coprecipitation according
to the previous protocol [21]. Then, nano Fe3O4/ZrO2
(ZMPs) magnetic particles were acquired by covering to
the Fe3O4 magnetic particles with nano-ZrO2. Transmission
electron microscopy (TEM, Figure 2(a))o fF e 3O4/ZrO2
showed that its structure was core-shell type: Fe3O4 is
nuclear (black) and ZrO2 (white) is shell. The average size
of Fe3O4/ZrO2 (ZMP) magnetic particles was 18.2nm from
the transfer electromicroscope. The X-ray diﬀraction (XRD)
graph of Fe3O4/ZrO2 showed that there are both character-
istic peaks of Fe3O4 (2θ = 72.7◦)a n dZ r O 2 (2θ = 21.4◦)
crystals, which indicated that crystal ZrO2 was wrapped
in the outer layer of Fe3O4 and was in crystalline state.
The X-ray ﬂuorescence spectrum (XRF) of ZMP showed
Zr-Kβ (17.4keV), Zr-Kα (15.7keV), Zr-Lβ (2.12ke), Zr-Lα
(2.03keV), Fe-Kβ (7.21KeV), and Fe-Kα (6.35keV) peak,
which indicated that Fe and Zr both exist in this magnetic
particle. AFP Ab2 was added into 5mL 2mg/mL solution
of ZMPs, and we stirred the mixture constantly for 12h.
The unabsorbed anti-AFP2 was eliminated by the magnetic
separation and washed repeatedly for several times. Further-
more, 300ng/mL HRP was used to block the unreached and
nonspeciﬁc sites of ZMPs. Its TEM (Figure 2(b)) showed
t h a tZ M P ss u r f a c ew a sc o a t e dw i t hal a y e ro fa n t i b o d ya n d
HRP. When 1mg/mL DNA was added to ZMPs-HRP-AFP
Ab2 to form the nanochain probes (DNA/(ZMPs-HRP-AFP
Ab2)n), its TEM (Figure 2(c)) showed that there are many
ZMPparticleslabeledonDNAchains.Whentheprobeswere
absorbed by a magnet iron, it showed that it can move in the
magnetic ﬁeld (Figure 2(d)).Journal of Automated Methods and Management in Chemistry 3
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Figure 2: TEM images of (a) ZMP particles, (b) ZMPs-AFP Ab2, (c) DNA/(ZMPs-HRP-AFP Ab2)n, (d) c being absorbed by external
magnetic ﬁeld of DNA/(ZMPs-HRP-AFP Ab2)n probes.
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Figure 3: AC impedance spectrum of (a) GCE, (b) GCE/naﬁon-
nano Au, (c) GCE/Naﬁon-Au NPs/AFP Ab/AFP, and (d) GCE/
Naﬁon-Au NPs/AFP Ab/AFP/(DNA/(ZMPs-HRP-AFP Ab2)n)i n5
mmol/L Fe(CN)
3−/4−
6 + 0.5mol/L KCl solution.
2.4. The Preparation of the Immunosensor. The immunosen-
sor was fabricated and characterized according to the
literature [6]. AuNPs/AFP Ab1 (20μg/mL) was immobilized
(by adsorption) onto a GCE/naﬁon electrode. 50μLo f
AuNPs/AFP Ab1 solution was spread onto the cleaned and
polished GCE electrode, and the electrode was incubated
at 4◦C. After the incubation, the electrode was rinsed with
distilled water and the electrode was blocked with 2% BSA +
0.05% tween for 30min at room temperature. The electrode
was again rinsed with distilled water to remove any residuals.
The AuNPs/Ab1 electrode was then incubated with a 5μL
of AFP antigen for 30min at room temperature. After the
binding of antigen, the electrode was incubated in 50μLo f
5mg/mLDNA/(HRP-AFPAb2)n magneticprobe.Finallythe
electrode was washed to remove unbound conjugate.
3. Results andDiscussion
3.1. The Electrochemical Characterization of the Immunosen-
sor. Weadoptelectrochemicalimpedancespectrumtoinves-
tigate the modifying processes of the electrode. As shown in
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Figure 4: Cyclic voltammograms of (a) GCE/naﬁon-Au NPs/AFP
Ab1 and (b). (a) in 5mmol/L CP and 1mmol/L OPD; (c) (a) in
response to 1% BSA and (d) 50ng/mL AFP.
Figure 3, the bare GCE showed a relatively small electron-
transfer resistance of Ret (curve a). After naﬁon/nano Au
ﬁlm was formed on the electrode, a smaller Ret was observed
(curve b), which means that nano-Au has high electrical
conductivity which could greatly decrease the Ret and
facilitate the electron transfer between the electrode and
the surface. As the AFP Ab1, antigen, Ab2, HRP-labeled
Ab2, and probe-labeled Ab2 could all resist the electron
transfer kinetics of redox probe at the electrode interface,
an increase tendency of the impedance was observed during
their stepwise attachment (curves c, d, and e), which testiﬁed
the immobilization of these substances on the electrode
surface.
3.2. Electrochemical Behaviors of the Immunosensor. The
GCE/Naﬁon-Au NPs/AFP Ab1 (Figure 4(a)) electrode had
no redox peak in the blank PBS between −0.6V and 0.6V.
When 5mmol/L CP and 1mmol/L OPD were added into
the solution, the modiﬁed electrode (Figure 4(b)) has a pair
of redox (100mV/s) at −0.475V and −0.545V. Figure 4(d)
showed the CV curves of the immunosensor obtained in
response to AFP. In the presence of AFP, a distinct catalytic4 Journal of Automated Methods and Management in Chemistry
Table 1: Comparison of the immunosensor to AFP with others.
Probes Detection methods Linear range Detection limit Reference
HRP-anti-AFP-GNGs DPV 0.02 ∼ 4ng/mL 10pg/mL [18]
Ru-silica@Au-anti-
AFP ECL 0.05 ∼ 50ng/mL 30pg/mL [19]
HRP-Ab2-CNSs DPV 0.05 ∼ 6ng/mL 20pg/mL [20]
HRP-anti-AFP ELISA 0.5–16ng/mL 0.5ng/mL Instruction book
ZMPs-AFP2/HRP CV 0.01 ∼ 200ng/mL 4pg/mL This method
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Figure 5: (a) The OD by diﬀerent amounts of HRP; (b) inﬂuence of the pH; (c) incubation time on the response of the immunosensor.
reduction peak was observed (the reduction current of OPD
obviously increased, while its oxidation current reduced).
In the control experiment, where BSA was used instead of
AFP, there was no appreciable current peak in the CV curve
(Figure 4(c)), indicating that the immunosensor had a high
degree of selectivity for AFP detection.
3.3. The Optical Measurements Performed for the Optimiza-
tion of the Immunosensor. It is important that the amount of
captureAFPantibodyimmobilizedontotheZMPscanplaya
key role in the analytical characteristics concerning both the
range of linearity and sensitivity of the immunoassay. The
inﬂuenceoftheamountofAFPAb1 antibodieswasevaluated
by immobilizing, in every experiment, 50μLo fd i ﬀerent
AFPAb1 solutionspreparedinthe0–35μg/mLconcentration
range which was employed in this study. The study shows as
the DPV peak current for OPD increased sharply with the
immobilized AFP Ab1 concentration up to 20μg/mL. Larger
antibody loadings produced a decrease in the voltammetry
signal.
The concentration of the HRP immobilized on the ZMPs
is critical to the performance of the immunosensor because
it can catalyze the reduction current of OPD with CP. The
eﬀect of the concentration of HRP was studied. As shown
in Figure 5(a), with the increase of the HRP (from 100, 200,
300,400,and500ng/mL),theODresponsesignalsincreased.
When the concentration reached 300ng/mL, the OD value
became stable which indicated that HRP has reached its
saturated adsorption amount on the surface of ZMPs.
The inﬂuence of pH during the binding reaction was
studied between 4.8 and 8.5 for the same concentration of
AFP (50ng/mL) in PBS buﬀer solution with 5mmol/L CP
and 1mmol/L OPD. The change of capacitance increased
withincreasingpHfrom4.8to7.00andthendecreasedasthe
pH increased further. This result shows that the maximum
change in capacitive signal occurs at pH 7.00 (Figure 5(b)).
Therefore, pH 7.00 of PBS was used as the buﬀer in the
binding reaction. The ratio of the protons participating in
the reaction and the electrons transferred in the electrode
reaction is 1:1. The process of electrode response of OPD
is a double-electron process [18–20, 22–24], which is the
same with the number of the redox of OPD. The incubation
temperature (Figure 5(c)) and time on the catalytic current.
We ﬁnd that the immunosensor possesses good current
response signal at room temperature. So all the experiments
were completed at room temperature. The incubation time
of APF Ab2 with the functionalized DNA/ZMPs was also
optimized, and the results showed a maximum ip value for
45min. Thus, the optimum experiment conditions are pH
7.0, reacted at room temperature for 45min for detection.
3.4. The Detection of AFP in Real Serum Samples. Under
the optimal conditions, the oxidation peak current in DPV
of the immunosensor could be utilized as a quantitative
measureofAFPconcentration.Figure 6(a)depictedtheDPV
signals of the electrochemical immunosensor in response
to human AFP of varying concentrations. It was observed
that the sensor gave increased signal with increasing AFP
concentration. As shown in the inset of Figure 6(b), the
developed immunosensor gave current responses in linear
correlation to (AFP) concentrations within the range from
0.01ng/mLto200ng/mLwiththedetectionlimitof4pg/mL,
which were comparable to or even better than those reported
previously (Table 1).Journal of Automated Methods and Management in Chemistry 5
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Figure 6: (a) Diﬀerential pulse voltammograms of the immunosensor for AFP at various concentrations (from a to k: 0, 1, 5, 10 20, 40, 60,
80, 100, 150, and 200, (b) the calibration curve for the detection of (AFP) under optimal condition.
Table 2: Results for determination of AFP in human serum comparing with ELISA (n = 3).
Sample
AFP concentration (ng/mL)
This method ELISA Added Found Recovery %a
1 5.32 5.18 5.0 10.2 97.6
2 9.74 10.3 9.0 18.3 95.1
3 20.52 21.3 20.0 40.7 100.9
aRecovery = 100% ∗(found −this method)/added.
3.5. The Precision, Reproducibility, and Stability of the
Immunosensor. 15ng/mL and 25ng/mL AFP were respec-
tively measured for 4 times by the immunosensor which
were prepared in diﬀerent time and diﬀerent batches. The
coeﬃcient of variation obtained in the group was, respec-
tively, 2.3% and 2.2%. It showed that this immunosensor
has good preparation repetitiveness. The proposed sensor
can be stored in pH 6.5 PBS (4◦C) for 45 days, and its
signal did not have obvious changes (<5%) which showed
the sensor to have good storage stability. Updated electrode
can be refreshed to use, the measured results of which on the
100ng/mLand15ng/mLAFPsamplewere,respectively,99.3
and 15.7ng/mL and RSD (n = 3) was, respectively, 3.1%
and 3.2%. It suggests that the sensor has good preparation
repeatability.
3.6.ReproducibilityandInterference. Regenerationallowsthe
sensors to be reused for many times, saving both time
and money. Because the interaction between AFP and the
immobilized AFP antibody is via electrostatic force [24],
AFP can be removed from the electrode’s surface by using
regeneration solution. We found, at pH 2.50 50mmol/L
glycine-HCl buﬀer, that most of the AFP can be eﬀectively
removed from the AFP Ab1 on the surface of electrodes. But
we still found that some of AFP Ab1 on the surface was
still occupied by AFP after the regeneration step because
there is a reduction of current signals between 10% and
15%. However, if an additional magnetic ﬁeld (0.3mT)
was vertically added on the surface of the electrode outside
the electrolytic cell, then, rinsing the electrode in the same
regeneration buﬀer, the electrode can be regenerated fully.
Its detection signal can be completely recovered. This may
be due to the superparamagnetism of DNA/ZMPs probes,
which can be helpful to remove AFP antigen from AFP Ab1
on the electrode surface through magnetic force. Updated
electrode can be employed to do several detections, the
measured results of 100ng/mL and 15ng/mL AFP samples
were, respectively, 99.3 and 15.7ng/mL, and the RSD is
2.4% and 3.2% respectively. The results indicated that the
electrode can be reused with good reproducibility for up to
45 times with an RSD lower than 3.4%.
The eﬀect of substances that might interfere with the
response of the biosensor system was also studied. It shows
that, when the concentration of the AFP is 5ng/mL, the
changes of signal of the sensor to the major interferences,
such as 10 times the cancer embryo antigen (CEA) and
hepatitis B virus (HBV) in serum, 200 times the bovine
serum albumin, (BSA), glucose, and uric acid, 800 times
Na+,F e 2+,F e 3+,Z n 2+,a n dC a 2+, are all lesser than 5%
which suggests that the sensor can eﬀectively resist the main
interference in human serum.
3.7. The Application of Immunosensor on Detecting AFP in
Human Serum. As shown in Table 2, the level of AFP in6 Journal of Automated Methods and Management in Chemistry
humanserumwasdeterminedbythismethod.Intheanalysis
the serum was diluted about 50 ∼ 100 times to reduce the
matrix eﬀect. The recoveries were between 95% and 105%.
This technique can be applied for the quantitative analysis of
the amount of CEA in human serum.
4. Conclusions
The immunoassay, based on the highly speciﬁc antibody-
antigen recognition, can be used in the sensitive quantitative
detectionofAFP.Thegreatlyenhancedsensitivityreliesupon
a dualsignal-ampliﬁcation scheme: (1)ZMPsastheenzyme-
loading carrier can load many HRP enzyme molecules
on each ZMP. Because DNA can combine many ZMP,
the labeling protocol allows multiple signals per binding
nano chain, (2) naﬁon/nano Au membrane can provide a
high density of primary antibodies because of their high
surface area, and (3) The probe can be used in separation,
enrichment, and detection. After detection, it can be moved
from the surfaces of the electrodes by the external magnetic
ﬁeld to make the surface of the immunosensor update. The
described method was shown as acceptable detection with
fabrication reproducibility. It is useful for clinical detection
of ultra tumor marker levels in human serums.
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